The interface between the atmosphere and leaves and fruits is formed by the lipophilic plant cuticle, which seals the outer epidermal cell walls, thus significantly reducing water loss and uptake of dissolved solutes deposited on the cuticle surface. Different experimental and theoretical approaches for quantifying barrier properties of cutinized leaf and fruit surfaces are presented and discussed in this review. Quantitative characterization of cuticle barrier properties requires (i) the measurement of diffusion kinetics, namely the amount diffusing versus time, (ii) accurate knowledge of driving forces, namely concentration gradients, acting across the barrier, and (iii) the calculation of permeances, namely diffusion velocity. We suggest that on the basis of permeances, which are independent from experimental boundary conditions such as driving forces, the time period of measurement, and area, cuticle barrier properties of different plant organs, different plant species, and different lines, as well as barrier properties of suberized root tissue or synthetic membranes, can be directly compared. This review provides a short and easy to understand manual on what should be kept in mind when quantifying barrier properties of cutinized and suberized transport barriers. This could be helpful for scientists working on cuticle biosynthesis and its regulation.
Introduction
Outer epidermal cell walls of leaves and fruits are covered by the plant cuticle (Riederer and Müller, 2006) . The cuticle is an extracellular lipophilic biopolymer composed of cutin, cell wall carbohydrates (Guzman et al., 2014; Segado et al., 2016) , and soluble cuticular lipids, often called cuticular waxes (Buschhaus and Jetter, 2011) . Enzymatically isolated plant cuticles of Capsicum annuum, Citrus aurantium, and Ficus elastica on average contain 66% cutin, 22% carbohydrates, and 12% wax (Schreiber and Schönherr, 1990) .
Plant cuticles are characterized by lateral and transverse heterogeneity (Schreiber and Schönherr, 2009) . Leaf surfaces are composed of pavement cells and can contain stomata and trichomes, which induce lateral heterogeneity. It has been described that the cuticles covering stomata, anticlinal cell walls, and trichomes are more permeable to polar compounds, such as dyes and ions, compared with cuticles covering pavement cells (Schlegel et al., 2005; Schönherr, 2006) . Results indicate that these sites of enhanced cuticular permeability for polar compounds are characterized by the occurrence of a polar path of transport across the cuticle, which differs from cuticles covering pavement cells that hardly allow polar compounds to diffuse across. It has been suggested that the polar path of transport is formed by carbohydrate fibrils, which could extend from the inner carbohydrate cell wall through the cutin and finally reach the outer cuticle surface (Schlegel et al., 2005; Schönherr, 2006) , forming polar pores. Measuring cuticular permeability of intact leaves or fruits results in overall permeabilities that integrate these different components. Besides these different cuticular paths of transport, that is polar versus non-polar, with regards to total water loss from leaves by transpiration, it is also not always trivial to clearly distinguish between stomatal transpiration and cuticular transpiration when measuring water permeability with these intact organs.
Transverse heterogeneity occurs as cuticular waxes are deposited on the outer surface of and within the cutin polymer, leading to the layered asymmetric structure of the cuticle (Schönherr and Riederer, 1989; Bargel et al., 2006) . This asymmetry is also found in the cutin polymer itself, which is composed of purer, cellulose-free, lipophilic cutin, often called cuticular proper, on the outer side facing the atmosphere (Jeffree, 2006) . Towards the inner side of the cuticle, the cutin polymer is more mixed and presumably covalently bound to carbohydrates of the outer epidermal cell wall, forming the often called cuticle layer, which faces the epidermal cell exclusively composed of carbohydrates. Thus the cuticle can be described as a composite membrane with an asymmetric and layered structure (Schönherr and Riederer, 1989; Bargel et al., 2006) . This description is very helpful when discussing wetting behaviour, transport properties, and plant/environment interactions of cuticles. Alternatively, it has been suggested that the plant cuticle can also be defined as being a lipidized outer epidermal cell wall, which is helpful when investigating ultrastructural or structural aspects of the plant cuticle (Guzman et al., 2014; Fernandez et al., 2016) .
Permeability of water and solutes diffusing across the cuticle has been measured using various experimental approaches. The first approaches for measuring cuticular transpiration, which are sometimes still used today, allowed intact leaves to dry out (Kamp, 1930) . After an initial measurable phase of high rates of water loss it is assumed that all stomata will continuously be closed and the final much lower but stable rate of water loss is assumed to exclusively represent cuticular transpiration. It has been suggested to call this residual transpiration instead of cuticular transpiration since there are indications that not all stomata always close perfectly (Kerstiens, 1996) . Alternatively, in the case of hypostomatous leaves, lower leaf sides can be sealed with grease, thus one can assume that residual water loss occurs exclusively across the upper astomatous leaf side and thus represents cuticular transpiration.
Other approaches for evaluating barrier properties of intact leaves, often used for investigating Arabidopsis mutants in comparison to wild-type, are toluidine staining (Tanaka et al., 2004) and chlorophyll leaching assays (Aharoni et al., 2004) . Toluidine staining represents a qualitative approach comparing the intensity of staining in mutant versus wildtype leaf surfaces. Enhanced staining indicates that cuticular barrier properties are flawed. Toluidine staining is fast and can easily be used for mutant screens. In chlorophyll leaching assays leaves are immersed in pure ethanol or ethanol/water mixtures containing 70% or 80% ethanol and the amount of chlorophyll dissolved in the external solution is taken as a measure of cuticular permeability for chlorophyll. Since pure ethanol, and also 70% or 80% ethanol/water mixtures, spontaneously infiltrate the leaf apoplast through open stomatal pores, it can never fully be excluded that significant amounts of chlorophyll are diffusing through open or only partially closed stomata. Thus, the amount of chlorophyll loss most probably represents a mixture of both diffusion through infiltrated stomata and diffusion across the cuticle. In addition, it cannot be excluded that wax molecules themselves, which establish the cuticular barrier, get dissolved in this organic solvent when immersing leaves in ethanol solution for 30-60 min.
In order to avoid this when working with intact leaves, experimental approaches have been developed using isolated astomatous and trichome-free cuticular membranes. They can be isolated enzymatically from the upper side of hypostomatous leaves and from astomatous fruits (Schönherr and Riederer, 1986) . There was no evidence that isolation altered the water or solute permeability (Kirsch et al., 1997) of cuticles compared with cuticles on intact leaves. However, this approach limits the number of species that can be used for studying the cuticular transport barrier and it does not allow investigation of the significance of trichomes and stomata in the cuticular transport barrier as discussed above. However, with this approach, experimental boundary conditions can precisely be adjusted, measured, and controlled and thus they are known (Becker et al., 1986) . This, for example, is of particular importance regarding concentration gradients, namely driving forces, of molecules diffusing across the cuticle during the transport experiment. In studies using intact leaves driving forces are not exactly known, which could lead to misinterpretation of experimental results.
In the following review we will describe suitable approaches, which allow quantitative measurement of cuticular permeability, thus avoiding misinterpretations. Many examples in this review deal with water transport across cuticles as inhibiting uncontrolled water loss is the main evolutionary function of the cuticle and it is what most researchers working with the plant cuticle are interested in. Nevertheless, the significance of basic boundary conditions, such as surface area, ratio of volume to surface area, driving forces, slopes of kinetics, and interception with x-and y-axes, which should be considered when quantifying cuticular barrier properties are equally relevant to solutes diffusing across cuticles. Furthermore, not all but many examples given below refer to studies using isolated cuticles. Nevertheless, in most cases this is similarly relevant for studies using intact leaves (Ballmann et al. 2011; Sadler et al., 2016) . On the basis of these approaches permeance, P, can be calculated (Schreiber and Schönherr, 2009) . P is expressed in units of speed, namely m s -1 , and thus simply indicates how fast a molecule of interest diffuses across any cuticle of interest.
P itself is a composite parameter composed of the solubility of the diffusing molecule in the cuticle, namely the partition coefficient, multiplied by its mobility in the cuticle, namely the diffusion coefficient, from which the product of these two parameters must be divided by the thickness of the transport limiting barrier of the cuticle (Schönherr and Riederer, 1989) . It has been pointed out that this model only works reliably with homogeneous membranes, such as polyethylene, but not with heterogeneous membranes like cuticles (Schreiber and Schönherr, 2009) . Heterogeneous cuticle partition coefficients can be determined reliably, but since we do not know the thickness of the transport limiting barrier, we cannot reliably determine diffusion coefficients. Thus, P does not provide information on why barrier properties of cuticles are high or low. However P does allow reliable quantification of cuticle barrier properties without the need to make assumptions about the length of the diffusion path. The major advantage of P is the fact that barrier properties of different species, different plant organs, that is leaves, fruits and roots, different lines, namely mutants versus wild-type, and different types of membranes, such as plant cuticles compared with synthetic polymer membranes, can directly be compared on a quantitative level. In this review we provide a short and easy to understand manual on what should be considered for reliable quantification of cuticule transport barrier properties. This might be helpful for colleagues who are working on cuticle biosynthesis and its regulation, but not specifically on cuticular transport physiology.
Methods for measuring transport across cuticles
Cuticular membranes (CMs) isolated from astomatous leaf sides represent thin, 2-dimensional polymer membranes of about 2-3 µm in thickness (Riederer and Schönherr, 1984) . If leaves are large enough, perfectly circular, and symmetrical, CM disks of 1-2 cm in diameter can be isolated. They can be mounted in two-half transport chambers (Fig. 1) . One side represents the physiological outer side of the CM originally facing the atmosphere, while the other side originally facing the epidermal cell wall represents the physiological inner side of the CM. Depending on the transport direction, such as inside-out for cuticular transpiration or outside-in for the uptake of agrochemicals into leaves, the compound of interest, namely water or any kind of solute dissolved in water, is added to one half of the transport chamber representing the donor. The molecule of interest will diffuse across the cuticle and will dissolve in the other half of the transport chamber forming the receiver. Often compounds investigated in these types of transport studies are radiolabelled, which allows measurements with very low detection limits. However, analytical or photometric methods can be used as alternative detection methods if they are sensitive enough.
Cuticular transpiration can be measured using a sole transpiration chamber (Schönherr and Lendzian, 1981) . The transpiration chamber, the donor, is filled with water and covered with the isolated cuticle mounted with the physiological inner side facing the donor. Water diffuses across the cuticle and evaporates into the surrounding atmosphere representing an infinite receiver reservoir. With radiolabelled water added inside the chamber, radioactivity evaporating from the cuticle surface can be absorbed and measured by scintillation counting . Using radiolabelled water offers very high sensitivity and allows measurements within time intervals of 5-10 min. With pure non-radiolabelled water, the weight of the chamber will decrease with time and this weight loss corresponds to the amount of water that has transpired across the cuticle. Since gravimetry is less sensitive than radioactivity, time intervals of hours or days are needed for reliable measurements of cuticular transpiration. In principle, this approach resembles the measurement of cuticular transpiration using detached leaves, where water loss from the intact leaf is determined by gravimetry assuming all stomata are perfectly closed. In turn, intact leaves have also been used to measure the uptake of organic solutes into leaves. Intact leaves can be immersed in a large external donor volume containing the solute of interest, which is often a radiolabelled compound (Ballmann et al., 2011; Sadler et al., 2016) . The amount of radiolabelled solute taken up via the cuticle into the intact leaf, now representing the receiver compartment, can precisely be measured as long as stomatal infiltration can be excluded and residual amounts of external donor solution adhering to the outer cuticle surface is reliably washed off. Desorption kinetics of a radiolabelled compound from a leaf 'pre-loaded' with this radiolabelled probe allows precise differentiation between the amount of radioactivity resulting from washing the probe off from the leaf surface and the amount of radioactivity achieved by washing the probe out from the leaf interior across the cuticle, since rate constants are very different (Ballmann et al., 2011) . Stomatal infiltration is easily visible by eye, since infiltration of the intercellular gas space with a liquid changes light refraction in the mesophyll and dark spots appear within seconds (Molisch, 1912) . 
Transport kinetics
Independent from the different methods described investigating cuticular transport, it is in all cases possible to measure transport kinetics, which requires that total amounts (M) that have diffused across the cuticle must be plotted against time (t). Transport kinetics can contain a lot of valuable information, which should not be ignored. The simplest case represents a linear transport kinetic (Fig. 2) . This occurs when basic experimental conditions, for example donor and receiver concentrations, that is the gradient between donor and receiver, remain constant during the course of the experiment. This is often the case as plant cuticles are generally very low in permeability and radiolabelled solutes allow high detection sensitivity. Traces of radiolabelled solutes in the range of per millilitre or a few percent diffusing across the cuticle can be measured, but at the same time concentrations in the donor and receiver compartments are not significantly changed. Regression lines fitted to transport kinetics can pass through zero but they can have different slopes (Fig. 2) . This indicates that different velocities of transport occur and the reasons for these observations may be very different: (i) different molecules can have different diffusion rates across the same cuticle, (ii) different cuticles of different species can have different barrier properties for the same molecules measured or (iii) different boundary conditions are present, for example different temperatures or different driving forces.
Alternatively, regression lines fitted to transport kinetics can have identical slopes, but besides passing through the origin of the axis they can have positive or negative y-intercepts (Fig. 3) . The reasons for this can again be very different and they may also depend on the type of transport experiment conducted, for example isolated cuticle versus intact leaf. Negative y-intercepts, often called hold-up time, can be observed when measuring transport across isolated cuticles. Molecules are exclusively located in the donor compartment when starting to diffuse across the cuticle at time zero and need a certain time to cross the cuticle before they can be detected in the receiver compartment in significant amounts. In addition, with very lipophilic molecules, an equilibrium concentration between molecules in the donor solution and their concentration in the lipophilic cuticle, having a reasonable although limited sorption capacity for lipophilic molecules, has to be established first, before linear steady state diffusion across the cuticle can be observed (Crank, 1975) . This can take minutes but sometimes hours. On the other side, water as a very small and polar molecule, having hardly any sorption in the lipophilic cuticle and rapidly diffusing across the cuticle as single molecules, often has hold-up times that are far too low to be detected by the sensitivity of the experimental system used. Consequently, in a situation like this, transport kinetics will have y-intercepts that are statistically not different from zero.
However, negative y-intercepts can also occur with other experimental approaches, for example measuring the uptake of a radiolabelled compound into intact leaves. In this case a negative y-intercepts, if observable, could be due to timedependent increased spreading of a drop of donor solution placed on the waxy water-repellent leaf surface at the beginning of the experiment. An increase in the wetted surface area between the drop of donor solution and the cuticle, across which uptake is occurring, of course leads to initially increased uptake rates into the leaf. When a final constant wetted area is established, a constant rate of uptake into the leaf can be measured.
Similarly, like negative y-intercepts, it is also possible to observe positive y-intercepts (Fig. 3) . A potential scenario could again represent the measurement of cuticular uptake of a radiolabelled compound into an intact leaf, characterized by the additional presence of trichomes. If cuticles covering trichomes have different cuticular barrier properties compared with cuticles covering pavement cells, a fast equilibration of the trichomes with the external donor solution should initially occur within a short time (Schönherr, 2006) . After this constant, but much slower, linear transport kinetics across the residual cuticle of the pavement cells is measurable. This, of course results in a positive y-intercept (Fig. 3) . Alternatively, a positive y-intercept is also observable when measuring loss of water from intact leaves for estimating rates of cuticular transpiration. The kinetics are often characterized as an initial fast rate of water loss, interpreted as the time needed for closure of all stomata, before a second much slower rate of water loss is observable representing the loss of water across the cuticle.
Rates of cuticular permeability should therefore always be measured. However, it is not necessarily important to know or identify the reasons for negative or positive y-intercepts precisely. But it is essential to use the slope of the transport kinetics for estimating rates of cuticular transport and for example comparing mutants with wild-type plants, comparing different species to each other or different compounds or treatments. What should be avoided is the comparison of the absolute amounts of a compound taken up into a leaf or the absolute amount of water lost from a leaf after a certain time period. Taking for example in Fig. 3 the absolute amount of a substance that has diffused across a cuticle on the y-axis after 2 d and defining this as the amount penetrated across the cuticle leads to incorrect conclusions. Although, the different kinetics shown have identical slopes, it would be concluded that the slope with squares represents the lowest rate of cuticular uptake after 2 d, the slope with circles an intermediate rate of uptake, and the slope with triangles the highest rate of uptake. This is simply not correct, since all three slopes are identical.
Transport kinetics must not necessarily always be linear. There are many more applied studies, for example in agriculture, investigating the uptake of plant-protecting agents in intact leaves showing non-linear transport kinetics (Bukovac and Petracek,1993; Schönherr and Baur, 1994) . To mimic the real situation in the field, small drops of 1-10 µl are applied to leaf surfaces. Thus, the amount of molecules that should penetrate across the cuticle represents a limited dose. Depending on ambient air humidity and types of solutes in the drops, they can also dry out rapidly and a solid residue can be formed on the leaf surface, after which further uptake into the leaf will not continue efficiently. Consequently, transport kinetics for these types of experiments are normally non-linear, having the shape of saturation curves (Fig. 4) . After a rapid initial and even linear rate of uptake, slopes of transport kinetics decrease with time until they finally reach a plateau. If the uptake is fast the plateau can be reached rapidly, if the uptake is slower the plateau will be reached significantly later. Fig. 4 could for example represent an experiment comparing the rate of uptake of three chemically different agrochemicals into leaves of the same crop species placed as a limited dose on the leaf surface. All three non-linear transport kinetics finally end in a saturation plateau, which in this example represents 100% uptake. Looking at Fig. 4 , it must be concluded that the curve denoted by triangles represents a compound with a fast cuticular rate of uptake, the curve with circles a compound with an intermediate rate of uptake, and the curve with squares a compound with the lowest rate of uptake. After 2 h only about 25% has been taken up into the leaf with the slow kinetics (squares), while this is 50% in the leaf with intermediate kinetics (circles), and 70% in the leaf with fast kinetics (triangles) (Fig. 4) . This clearly indicates that there are pronounced differences in rates of cuticular uptake between the different hypothetical compounds. Unfortunately, in these types of applied uptake studies kinetics are often not measured, probably in order to save time. Only relative amounts (M t /M 0 ) taken up into the leaf are quantified at one single time point, for example after 24 h. If this were here the conclusion would be that all three compounds have more or less the same rates of uptake, since after 24 h all of them have reached the plateau, which in this example means 100% uptake. The conclusion that rates of cuticular transport are identical however is not correct as one can see from the slopes of the different transport kinetics (Fig. 4) . Therefore, whenever possible transport kinetics should be measured when investigating cuticular transport. Determination of rates of cuticular transport by measuring only on single time point should be avoided. 
Relevance of surface area to volume ratio of fruits and leaves
Besides the characteristics of transport kinetics, it is also of fundamental significance to think about the volume to surface area ratio when measuring transport with intact leaves or fruits. In the following, this problem, although it is of significance for leaves as well, will be elaborated on in the investigation of cuticular transpiration of fruits, such as tomatoes. The fairly simple geometry of tomatoes allows us to reasonably approximate the shape of the fruit as a sphere. Since the fruit is mainly composed of water, in a second reasonable approximation the inner volume of the fruit can essentially be treated as an aqueous donor solution from where water is lost across the cuticle into the surrounding environment. When comparing a small and a large tomato fruit differing in diameter by a factor of two, that is 2 cm and 4 cm, it becomes evident from the basic laws of geometry for calculating the surface area and volume of a sphere, that the fruit surface area and the fruit volume increase differently. Whereas the surface area of the fruit increases by a factor of four when increasing the fruit diameter by a factor of two, that is a fruit diameter of 2 cm results in a fruit surface area of 12.6 cm 2 and a fruit diameter of 4 cm results in a fruit surface area of 50.4 cm 2 , the fruit volume increases by a factor of 8, that is a fruit diameter of 2 cm results in a fruit volume of 4.2 cm 3 and a fruit diameter of 4 cm results in a fruit volume of 33.6 cm 3 . This affects transport kinetics significantly.
In the following example the rates of cuticular transpiration will always be the same for both the small and large fruit, and the amount of water diffusion across the cuticle is given as 1 mg water loss per day and per cm 2 . When cuticular transpiration is determined at daily intervals by weighing the fruits and plotting the cumulative amounts of water in mg lost per day, the large fruit (squares in Fig. 5 ) show transpiration kinetics with a slope four times steeper at 50.4 mg day -1 compared with the smaller fruit at 12.6 mg day -1 (circles in Fig. 5 ). Thus, weighing the fruits and only plotting absolute amounts of water lost per day without consideration of the respective surface areas across which transpiration has occurred, would lead to the conclusion that the large fruit has a rate of cuticular transpiration that is four times higher compared with the small fruit. This is of course not true and it is clear that the rates of transpiration must be somehow related to a reasonable reference parameter in order to normalizerates of transpiration and to be able to compare them between the small and large fruit. However, instead of using the surface area as the reference parameter, very often the initial fresh weight, and sometimes also the dry weight, of a sample of interest is used as a reference in these types of gravimetric transpiration experiments. With the hypothetical tomato fruits chosen here, it is a good approximation to derive the weight of the small and the large tomato fruit directly from the calculated volumes. Assuming the fruit is mostly water and the density is 1 g cm -3 , for the small fruit a weight of 4.2 g can be estimated and for the large fruit a weight of 33.6 g.
When relating the gravimetrically determined absolute rates of water loss per day to initial fruit weight (Fig. 6 ), using this as the reference parameter, transpiration rates of small fruits (circles in Fig. 6 ) are now to our surprise 2-fold higher at 3 mg day -1 g -1 compared with large fruits at 1.5 mg day -1 g -1 (squares in Fig. 6 ). This is now exactly the opposite of what is shown in Fig. 5 . Thus from Fig. 6 one would conclude that the small fruit has a higher rate of cuticular water loss compared with the large fruit, which definitely cannot be correct, since it This gives the impression that cuticular transpiration is higher for larger fruits (squares) and thus cuticular barrier properties are lower compared with small fruits (circles), although rates of water diffusion across the cuticles of both fruits are identical at 1 mg water loss per day and per cm 2 . Fig. 6 . Examples of plots for linear transpiration kinetics for large and small tomato fruits. Amounts of water lost related to fruit fresh in mg/g FW are plotted against time in days. This gives the impression that cuticular transpiration is higher and thus cuticular barrier properties are lower with small fruits (circles) compared with large fruits (squares), although rates of water diffusion across the cuticles of both fruits are identical at 1 mg water loss per day and per cm was initially defined that the cuticles of both small and large fruits have identical transpiration rates of 1 mg day -1 cm 2 . Thus, relating rates of water loss per unit of time to initial fresh or dry weight of a fruit or a leaf sample is not a good idea because this represents an inadequate reference parameter. The large fruit has a much higher water storage capacity compared with the small fruit and therefore, although transpiration rates expressed in absolute numbers are identical, they seem to be lower on a relative basis when related to the fresh or dry weight (Fig. 6) . Only when the absolute amount of water lost per unit of time is related to the corresponding surface areas of the large and the small fruits across which water loss has occurred, both slopes of transpiration kinetics are identical and superimposed (Fig. 7) . This leads to the correct conclusion that rates of cuticular transpiration between the two tomato fruits differing in size, perhaps for example because they represent a small mutant and a large wild-type fruit, are the same and independent from fruit size (Fig. 7) . This should be considered when measuring and interpreting rates of cuticular transport.
Significance of the driving force
An essential requirement for the diffusion of molecules across any barrier, such as the cuticular barrier, is the existence of a concentration gradient across it (Fig. 8) . In order to keep it simple the influence of the partition coefficient between the external donor solution and the cuticle is not considered here. Fig. 8 refers to a theoretical compound with a partition coefficient of 1. Examples with cuticle/water partition coefficients higher or lower than 1 can be found in Schreiber and Schönherr (2009) . The amounts of molecules diffusing across the barrier are directly related to the magnitude of the concentration gradient acting across the membrane (Fig. 9) . Maximum diffusion occurs (triangles in Fig. 9 ) when the concentration gradient is 100%. The concentration gradient is at its maximum, that is 100%, if the molecules are present on only one side of the cuticle (Fig. 8A) . Concentration gradients driving the transport across a barrier can of course vary Fig. 7 . Examples of plots for linear transpiration kinetics for large and small tomato fruits. Amounts of water lost related to fruit surface area in mg/cm 2 are plotted against time in days. This shows that cuticular transpiration and cuticular barrier properties are identical for both small (circles) and large fruits (squares). A) The concentration gradient is 100%, where diffusing molecules are only located on one side of the cuticle (donor) and the concentration of diffusing molecules is zero on the other side of the cuticle (receiver). B) The concentration gradient is 50%, where diffusing molecules comprise half the concentration on the receiver side compared with the donor side, or if only half the concentration of diffusing molecules is present on the donor side in B compared with 100% in A, with the receiver having zero concentration. C) The concentration gradient is 0%, where diffusing molecules have identical concentrations on both sides of the cuticle, or if diffusing molecules are completely missing.
because concentrations themselves on one or on both sides of the cuticle can vary. If concentration gradients are for example reduced by 50% (Fig. 8B) , slopes of the transport kinetics will be 50% lower (circles in Fig. 9 ). There will be no net diffusion taking place (squares in Fig. 9 ) if the concentration gradient is 0% because donor and receiver concentrations are identical on both sides of the cuticle (Fig. 8C) . Of course if molecules are absent on both sides of the membrane, no diffusion will take place (Fig. 8C) . A reliable interpretation of transport kinetics across any membrane, including the cuticle, and a comparison between different transport experiments, is not possible without knowing the corresponding driving forces, namely aqueous concentration gradients between both sides of the cuticle, which have been effective in the corresponding experiments.
When measuring cuticular transpiration with intact fruits or leaves, water concentration inside the leaf or fruit represents the donor and the surrounding atmosphere represents the receiver. The difference in water concentration between the inside and outside represents the concentration gradient driving the rates of cuticular water loss across the fruit or leaf surface, with the assumption that all stomata are perfectly closed and thus do not contribute to the measured water loss. The exact water concentration inside the leaf or fruit is not known but often it can reasonably be estimated from the fresh weight as discussed for the tomato fruit. In this case the gradient driving cuticular transpiration is largely determined by the external water concentration in the surrounding air, namely relative humidity. This however can significantly vary, for example between day and night, which means that even within one experiment driving forces can fluctuate. Driving forces can of course also vary between different experiments and laboratories. Only when external humidity is known and ideally kept constant throughout the whole experiment, can measured transpiration kinetics be related to the correct driving force that was acting across the cuticle when measuring cuticular transpiration.
Calculation and comparison of permeances
Ideally in any kind of transport experiment conducted, transport kinetics, that is amount diffusing versus time, should be measured and relevant boundary conditions, such as the area across which transport occurs and driving forces, on which transport kinetics directly depend, should be known. With this information P can be calculated from equation 1, which says P = F / A · Δc. This requires us to divide the slope of the regression line, also called flow (F), fitted to plotted transport kinetics (for example Figs. 2 and 3) and given in g·s -1 , by the area A in m 2 , across which transport has occurred, and by the driving force in g·m -3 , given the concentration gradient Δc, which acts across the cuticle during the transport experiment.
P simply gives the velocity in m·s -1 at which certain molecules diffuse across certain barriers or membranes and thus P can intuitively be understood (Schönherr and Lendzian, 1981) . P is completely independent from all relevant boundary conditions, affecting transport rates across membranes that have been discussed in the preceding paragraphs. On the basis of P, barrier properties of different types of barriers or membranes can directly be compared. This applies to cuticular membranes of different plant species (Riederer and Schreiber, 2001 ) but also to any other type of biological membrane or barrier, for example cell membranes and cuticular barriers of insects, as well as to synthetic membranes, such as parafilm and polyethylene, or even liquid or gaseous unstirred layers, such as water films and air layers, respectively (Nobel, 2009) , which form weak but measurable barriers when considering molecular diffusion.
Applying this concept of P to isolated cuticles, it can be seen that water molecules can diffuse about 5-fold faster across an isolated pear leaf CM, about 10-fold faster across an isolated citrus leaf CM, and about 20-fold faster across an isolated tomato fruit CM compared with an isolated ivy leaf CM (Fig. 10) . Thus, from this comparison it can be directly concluded on a quantitative level that an ivy leaf has the least permeable cuticle and tomato fruit the most permeable cuticle, with pear and citrus cuticles standing somewhere in between. Upon extraction of cuticular wax, which laregly establishes the cuticular transpiration barrier, water permeability across wax-free CMs of all three leaf species increases by about 200-fold (Schönherr and Lendzian, 1981) , whereas water permeability of the tomato fruit CM increased only 20-fold upon wax extraction (Fig. 10) .
On the basis of P, not only can barrier properties of CMs be compared with each other but barrier properties of suberized cell walls can also be directly compared with cutinized cell Fig. 9 . Examples of plots of three different linear transport kinetics directly depending on three different concentration gradients driving diffusion across the cuticular transport barrier. The three different concentration gradients refer to A, B and C in Fig. 8 ). The slope of transport kinetics is reduced by 50% (circles) if the concentration gradient is only half of the maximum (triangles). The slope of transport kinetics is zero (squares) if the concentration gradient is 0%.
walls. Whereas cutin is deposited the outer epidermal cell wall surface of leaves and fruits, suberin is deposited to the inner cell wall surface of endodermal and exodermal cell walls in roots and to cell walls forming a periderm, for example the suberized potato skin (Schreiber et al., 2005a) . Lenticel-free disks of potato skin can be isolated and handled in a similar way as CMs. P of a freshly harvested potato tuber periderm is similar to water permeability of a citrus CM, however upon storage at room temperature and ambient humidity for 4 weeks, it decreases by about 10-fold and has a final P comparable to the ivy CM (Fig. 10) . Upon extraction of peridermal wax after 4 weeks storage, P increases by 100-fold, which indicates that the P of wax-free potato periderm is similar to the P of wax-free ivy CM (Fig. 10) . Thus, as with CMs, the efficient transpiration barrier of potato periderm is established by peridermal wax deposited on the suberin polymer.
Radial transport of water from the surrounding environment across the root cortex into xylem vessels located in the central cylinder can also be measured and thus barrier properties of suberized endodermal and exodermal cell walls in roots can be quantified (Steudle, 2000) . By converting hydraulic conductivities to Ps, these values can directly be compared with Ps measured for cutinized cell walls of leaf and fruit CMs and potato periderm. The outer part of a 4-week-old rice root (Ranathunge et al., 2004) , where the suberized exodermis is located, shows a P similar to the wax-free pear and citrus CM (Fig. 10) . Radial water permeability of intact 12-day-old corn roots (Schreiber et al., 2005b ) is 10-fold higher compared with wax-free pear and citrus CM. Compared with all CMs and potato periderm, with wax impregnating and sealing the cutin and suberin polymer, root water permeability is 1 000-to 10 000-fold higher. Important conclusions can be drawn from these numbers. (i) The cutin and suberin polymers need to be wax-impregnated to become highly water impermeable. (ii) This is the case with suberized potato periderm, but obviously not with suberized endodermal and exodermal cell walls in roots. In fact hardly any typical wax compounds, as they are found in isolated CMs and potato periderm, have been analytically detected in isolated suberized root cell walls like endodermis and exodermis (Schreiber et al., 1999) . (iii) Since roots are the organs for water absorption, such an efficient water barrier as it is established in leaf CMs or in potato tuber periderm, does not make sense biologically.
On the basis of P, the water permeability of isolated cuticular membranes can also be compared quantitatively with synthetic polymer membranes. Since synthetic polymer membranes are tremendously thicker compared with CMs, measured P values of synthetic polymers are related to a film thickness of 3 µm for comparison, which corresponds to the average thickness of many isolated CMs (Riederer and Schönherr, 1984) . Both parafilm as well as polyethylene (Schreiber and Schönherr, 2009 ) at 3 µm in thickness have water barrier properties similar to CMs since their permeances are comparable to ivy CM (Fig. 11) . Both parafilm and polyethylene are essentially composed of methyl-and methylene-groups and thus they are very lipophilic and chemically not too different from lipophilic CMs. Barrier properties of lipophilic synthetic polymer membranes, developed within the last decades, are not better than cuticular membranes developed through evolution about 400 to 500 million years ago as an adaptation for colonization of the mainland by plants. Water permeability of cellulose acetate, which is a fairly polar synthetic polymer membrane, is about 300-fold higher compared with synthetic lipophilic polymers and with CMs. It shows a P comparable to wax-free ivy CM (Fig. 11) . This indicates again the significance of the wax impregnation of the fairly permeable cutin polymer for establishing an efficient barrier for water permeability.
Another very important lipophilic barrier of interest is the lipid bilayer of cell membranes, with a P for water (Walter and Gutknecht, 1986 ) several orders of magnitude higher than that of CMs (Fig. 11) . This explains why the cuticle Fig. 10 . Permeances of different cutinized and suberized transport barriers for water in leaves (ivy, pear, and citrus), fruits (tomato), tubers (potato), and roots (rice and corn). Barrier properties for water transport across these different cutinized and suberized pant cell wall barriers can directly be compared with each other on the basis of P, measured in m s -1 , which quantitatively describes the velocity of water diffusion across these barriers. Hydraulic conductivities of roots (Lp r ), which were measured in m·s -1 ·MPa -1
, were converted to P by multiplying Lp r by 137.3 MPa according to House (1974) . Ivy, pear, citrus, and tomato data comes from Schönherr and Lendzian (1981) , potato and corn data from , and rice data from Ranathunge et al. (2004) .
was developed in plants when colonising the mainland. But it must be considered that cell membranes are only about 10 nm thick and thus 300 times thinner than average plant CMs. Furthermore, besides phospholipids establishing the lipophilic barrier of cell membranes, they also contain aquaporines offering a very low and rapidly adjustable resistance to water permeating across the membrane. This explains the fairly high water permeability of cell membranes compared with plant cuticles.
Finally, P can also be calculated for unstirred layers of water and air, which always occur at interfaces between any barrier and a neighbouring aqueous or gaseous environment. This is the case on the inner side of the plant cuticle facing the aqueous epidermal cell, on both sides of the cell membrane, and on the outer side of the cuticle facing the atmosphere. Depending on their thickness, Ps of unstirred layers of water or air can significantly contribute to overall Ps measured for plant cell walls or stomatal transpiration (Nobel, 2009 ). However, P calculated for 1 µm thick unstirred layers of water or air are several orders of magnitude higher than P measured for CMs (Fig. 11) . This leads to the conclusion that unstirred water or air layers normally do not have to be considered as additional barriers when measuring the very low rates of cuticular water permeability. Even an air boundary layer of 1 mm or 1 cm in thickness results in a P that is 100 to 1000 times higher than that of P for wax-free cuticles, where the transpiration barriers have been removed by solvent extraction.
Conclusions
It is the intention of this article (i) to make researchers, who study transport across different types of plant barriers, more aware of potential problems and incorrect conclusions when measuring and interpreting results of transport studies, (ii) to point out that a well developed body of experimental as well as theoretical tools, which have been developed over decades, are available for reliable and reproducible studies of transport phenomena in plants on a quantitative level, and finally (iii) to show that application of this knowledge allows for the comparison of results from transport studies between different experiments, different samples, and different approaches, leading to reasonable and important biological conclusions.
